Results Using this approach, we are able to profile intact lipid ions from up to 18 different main lipid classes and 66 subclasses. We show several studies from different biological sources, including cultured cancer cells, resected tissues from mice such as lung and breast tumors and biological fluids such as plasma and urine. Conclusions Using mouse embryonic fibroblasts, we showed that TSC2 −/− KD significantly abrogates lipid biosynthesis and that rapamycin can rescue triglyceride (TG) lipids and we show that SREBP −/− shuts down lipid biosynthesis significantly via mTORC1 signaling pathways. We show that in mouse EGFR driven lung tumors, a large number of TGs and phosphatidylmethanol (PMe) lipids are elevated while some phospholipids (PLs) show some of the largest decrease in lipid levels from ~ 2000 identified lipid ions. In addition, we identified more than 1500 unique lipid species from human blood plasma.
profiling. Orbitrap and QTOF mass spectrometers were largely introduced to serve the proteomics community over the last two decades, aimed at increasing specificity, sensitivity and throughput for very complex proteomes (Coombs 2011; Cox and Mann 2011; Sajic et al. 2015) . However, in recent years, small molecule metabolomics and lipidomics have become increasing popular, especially in the study of cancer metabolism (Yuan et al. 2012; Junot et al. 2014; Ma and Chowdhury 2013; Theodoridis et al. 2012; Xiao et al. 2012; Cajka and Fiehn 2014) . High-resolution mass spectrometry (MS) is needed for stable isotope-labeling experiments from 13 C and 15 N for both proteomics (e.g., stable isotope labeling of amino acids in cell culture (SILAC) and tandem mass tags (TMT) and metabolomics (i.e., metabolic flux analysis) (Ben-Sahra et al. 2013; Ying et al. 2012; Nicolay et al. 2013) . Similarly, lipidomics requires high-resolution MS to obtain the high mass accuracy required to accurately identify head groups and fatty acid chains, including mass shifts due to differences in saturation of fatty acid chains (Cajka and Fiehn 2014; Junot et al. 2014; Schwudke et al. 2011; Vaz et al. 2015) . Many mass spectrometry based lipidomics studies have been completed using either direct infusion (previously termed shotgun lipidomics) or with chromatographic separation (mostly reversed phase) followed by MALDI-MS (Han et al. 2012; Kofeler et al. 2012; Li et al. 2014; Wang et al. 2015) . If specific molecules or lipid classes are known, product and/ or neutral loss scans can be performed using triple quadrupole mass spectrometers (Hou et al. 2011; Lam and Shui 2013; Yang et al. 2015) . Lipidomics can be performed in either positive ion or negative ion mode depending upon the lipid class. Lipid identifications with mass spectrometry can be difficult due to the abundance of structural isomers and the various adducts that can generate lipid ions and confuse the fragmentation pattern (Godzien et al. 2015) . Several LC-MS based lipidomic studies have been reported whose identification rely upon LC retention time and high mass accuracy MS1 data, some of which focus on specific lipid classes (van der Kloet et al. 2013; Tyurina et al. 2014; Hartler et al. 2011; Hein et al. 2010; Collins et al. 2016) . LC-MS/MS based studies have also been shown that utilize high resolution all-ion or MS E fragmentation, several of which are vendor specific (Bilgin et al. 2016; Ahmed et al. 2015; Fauland et al. 2011) . Bird et al. utilized full scan MS and HCD all ion fragmentation on an orbitrap mass spectrometer to characterize triacylglycerides (Bird et al. 2011) . Here, we chose to incorporate positive/negative polarity switching so that we can profile a broad range of lipids during a single acquisition. Here, we present a highresolution lipidomics platform that uses positive/negative ion switching with C 18 reversed-phase chromatography in data dependent analysis (DDA) mode on a QExactive Plus Orbitrap mass spectrometer in a similar way that bottom-up proteomics is performed. Individual intact lipid molecules are subsequently identified using LipidSearch 4.1 software (Yamada et al. 2013a, b) . The speed, sensitivity and specificity of the platform allows for more than 1000 lipid identifications from a single 30 min LC-MS/MS run Breitkopf et al. 2015 Breitkopf et al. , 2016 Narvaez-Rivas and Zhang 2016) . The platform can identify most lipid families including phospholipids (P-choline, P-ethanolamine, P-serine, P-glycerol, P-inositol, P-ethanol, P-methanol, P-acid) , monoacylglycerol, diacylglycerol, triacylglycerol, neutral glycerolipids, fatty acids, cardiolipins, sphingolipids, sphingoid bases, glycosphingolipids, neutral glycosphingolipids, glycoglycerolipids, sterols, etc. A total of 66 different lipid subclasses (Table S1 ) can be identified using this platform independent of sample source.
While cells from most adult tissues rely primarily on the uptake of circulating lipids, de novo lipid synthesis occurs abundantly in certain normal cell types, such as adipocytes, hepatocytes, and activated immune cells, as well as in certain pathologies, such as cancer. In de novo fatty acid synthesis, the enzyme fatty acid synthase (FASN) uses cytosolic acetyl-coA derived from acetate or carbon from the citric acid cycle to produce fatty acids such as palmitate (C16:0) and stearate (C18:0) (Menendez and Lupu 2007) . Both palmitate and stearate can be desaturated by stearoylcoA desaturase 1 (SCD1) to form palmitoleate (C16:1) and oleate (C18:1), respectively. FASN and members of the elongase family can further extend the length of saturated and unsaturated fatty acids, with elongases producing very long-chain fatty acids from those species derived from either de novo synthesis or the diet. Through these reactions, many different lengths and degrees of unsaturation of fatty acids can be produced and incorporated, via acyltransferases, resulting in thousands of distinct lipid species existing within a given cell. Lipid synthesis pathways are frequently altered in diseases such as cancer and diabetes and can potentially be targeted with drugs (Hopperton et al. 2014; Linden et al. 2015; Menendez and Lupu 2007; Ricoult et al. 2015) . However, how the global population of lipid species in cells and tissues are altered under different disease states is poorly understood and requires precision lipidomic approaches for comparative analyses.
Extracting lipids from cells and tissues is performed using liquid-liquid extraction methods designed for phase separation of non-polar compounds. The Folch method is the most popular and uses 2:1 chloroform:methanol (Folch et al. 1957) , although newer less harmful solvents, such as methyl-tert-butyl ether (MTBE), can be used for extraction with similar results (Matyash et al. 2008) . These methods contrast with the purification of polar metabolites, which typically use methanol for extraction (Yuan et al. 2012 ). Many lipids have been categorized in databases such as LIPID MAPS (Fahy et al. 2007) , the Human Metabolite Database (HMDB) (Wishart et al. 2009 ) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) (Chou et al. 2009 ) that can be interrogated for identification and classification of lipids and metabolites. The software used in the platform described here is able to distinguish between individual lipid ions without any derivatization based on their intact mass and fragmentation features, since different head groups and fatty acid chains give rise to distinct mass signatures. It is also unique that we use positive/ negative switching to capture lipids using high resolution MS, similarly to our approach for small molecule metabolomics (Yuan et al. 2012) . The platform can detect lipids from simple fatty acids to glycerophospholipids to complex triglycerides and cardiolipins in an untargeted manner. The important features of our platform are that (1) a single reversed-phase (C 18 ) liquid chromatographic run is required, (2) the MS acquisition time per sample is relatively short (~28 min), and (3) more than 1000 species are routinely identified and quantified.
We use relative quantification across biological conditions where one or more of the profiled biological samples serve as a reference control. Relative quantification relies on a reproducible platform and it is recommended that samples be run with at least three biological replicates so that statistics can be applied for quality control and to meet the requirements for use of informatics software packages such as LipidSearch, MetaboAnalyst (http://www.MetaboAnalyst.ca) (Xia and Wishart) or Elements (http://www. proteomesoftware.com).
Biological triplicates rather than technical triplicates are suggested since the platform routinely shows R 2 values >0.90 for technical replicate analyses and average CV values of <0.15. If one chooses to use a simple ratio or fold change analysis for quantifying between samples, it is best to first normalize the MS1 peak areas of all samples across conditions, including triplicates, according to the median peak area of all identified species in each sample followed by taking an average for each species within the biological triplicates for each sample condition. One can then calculate fold changes between biological conditions. Alternatively, we recommend using the free online MetaboAnalyst software, which is used for statistical analysis of the data as well as for creating heat maps, clustergrams, principal component analysis (PCA) and pathway analysis (Xia and Wishart, Xia et al. 2009 ). Absolute quantification (not covered here), can be achieved using a concentration curve for each lipid molecule of interest or by spiking the samples using an internal standard (Rodamer et al. 2011) .
Mass spectrometry with positive/negative switching allows for the acquisition of Q1/Q3 MRM transition mass spectra in both ionization modes from a single LC-MS/MS analysis (Koyama et al. 2011; Zhang et al. 2011; Hara et al. 2004; Yuan et al. 2012) . While hybrid triple quadrupole style instruments such as the 5500 QTRAP mass spectrometer (AB/SCIEX) has the ability to switch polarities in as little as 50 msec, the high resolution QExactive Plus Orbitrap has the ability to switch polarities in several hundred msec, allowing for fast duty cycling. When coupled to a data dependent acquisition (DDA) platform with dynamic exclusion whereby the same molecules are only targeted one time for MS/MS and the MS scan is used for quantification, the switching time is sufficient for obtaining ~1000-1500 identified and quantified lipid molecules per sample in 28 min from a single run in both positive and negative ion mode. This represents a comprehensive lipid dataset that can be obtained without the need to prepare two sets of samples and two different single polarity LC-MS/MS runs, thus preserving precious samples. Similar platforms have been implemented for untargeted analysis of polar metabolites (Kluger et al. 2014) . It is important to note that the current number of identified lipids can likely be increased by expanding the chromatographic gradient and MS acquisition time, however, to maximize throughput, a half hour or less is recommended. While this protocol focuses on cell lines, blood plasma and mouse tissue, the platform could be used to analyze non-polar lipids from any biological source regardless of organism or tissue of origin such as urine, liver, mammary gland, lung and tumor tissues as well as serum and primary cultured cells. While the lipid class profiles vary amongst sample type, the overall number and range of identified lipids is similar across various biological materials.
Materials

Reagents
• LC/MS grade water (Fisher Scientific, 
Fluid
• For biological fluid samples, start with 50-200 µL of serum, plasma, urine or cerebrospinal fluid in a 1.5 mL microcentrifuge tube. If less fluid is available, add 1× PBS to a total volume of 200 µL.
Cells
• For cultured cells, use the equivalent of ≥1-2 million cells, or one 10 cm plate at ~80% confluence.
Methyl tert-butyl ether (MTBE)
• MTBE is used directly at room temperature without preparation. Be sure to prepare aliquots of MTBE in glass vials to avoid sample loss due to adsorption of lipids to the plastic surface and possible release of contaminants.
• Note: Due to MTBE's distinctive odor, it is recommended to work in a chemical fume hood and close vial lids immediately after usage as it evaporates quickly.
• Note: 2:1 chloroform:methanol can be used for extraction in place of MTBE according to the Folch method. MTBE is preferred since it is less hazardous and extracts a broad range of lipids.
HPLC buffer A
(pH = 3.5: 39.9% (v/v) water, 60% (v/v) acetonitrile, 10 mM ammonium formate, 0.1% formic acid)
• To prepare HPLC A buffer, add 0.63055 g of ammonium formate to 1 L HPLC bottle and add 399 mL of LC/MS grade water and gently stir by rotating bottle. Next, add 1.0 mL of formic acid followed by 600 mL of HPLC grade acetonitrile. Cap bottle and mix by gently shaking. Check pH to assure it is ~ 3.5.
HPLC B buffer B
(89.9% (v/v) isopropanol, 10.0% (v/v) acetonitrile, 10 mM ammonium formate, 0.1% formic acid)
• To prepare HPLC B buffer, add 0.63055 g of ammonium formate to 1 L HPLC bottle and add 899 mL of LC/MS grade isopropanol and stir by rotating bottle. Next, add 1.0 mL of formic acid followed by 100 mL of HPLC grade acetonitrile. Cap bottle and mix by shaking until fully dissolved.
Equipment
• Cadenza CD-C18 HPLC column (3.0 µm) 2.0 mm i.d. x 150 mm length (Imtakt, CD025) Note: The Imtakt Cadenza columns are robust, reproducible and have a long life for lipidomics analyses (≥600 analyses with high reproducibility). Alternatively, most other C 18 HPLC columns of similar dimensions can be used in place of the Imtakt column.
• -96) . Note that equipment from many HPLC vendors can be used for this purpose and room temperature sampling is preferred since long and multi-branched lipids such as triglycerides can stiffen and precipitate at low temperatures.
• SpeedVac concentrator or lyophilizer for drying metabolite supernatants to a pellet (Thermo Electron or other vendor) • 12 × 32 mm glass autosampler tubes with caps (National Scientific, MSCERT400-36LVW) • 12 mL glass vial (Fisher Scientific, 03-340-47A) • 22 mL glass vial (Fisher Scientific, B7990-5) • Small pestle or tissue grinder for use in 1.5-2.0 mL glass tubes
Equipment setup
Mass spectrometer
Use an Orbitrap or quadrupole-TOF mass spectrometer capable of positive/negative polarity switching time of 500 msec or below such as the QExactive Plus Orbitrap (Thermo Fisher Scientific) This allows for data-dependent acquisition (DDA) scans of 1 MS1 scan followed by 8 MS2 scans per cycle resulting in a sufficient number of MS1 scans (~ 8-11) per lipid peak using a standard HPLC. The QExactive Plus is capable of 12 scans/sec (Hz) at 17,500 resolution. In our platform, the resolution of the orbitrap mass analyzer was set to 70,000 for MS1 scans and 35,000 for MS2 scans.
HPLC
For the procedure described, a C 18 or other reversed-phase HPLC column is needed (see equipment). Ultra-high pressure HPLC (UHPLC) is not suitable for this application since polarity switching DDA mode described here benefits from peak widths at least 8-10 s at FWHH and base peak widths of 16-20 s. UHPLC would limit the number of lipid MS1 scans per lipid.
Software
• Software such as XCalibur 2.2 (Thermo Fisher Scientific) is needed for data acquisition • LipidSearch software is needed for the identification, alignment and quantification of lipids across a sample set. LipidSearch can identify 18 classes of lipids including more than 66 subclasses as well as align lipid peaks across sample sets for relative quantification. In addition, one can chart the relative abundance of lipid classes and fatty acid chain distributions within each lipid class.
• As alternative software, Elements for Metabolomics from Proteome Software (http://www.proteomesoftware.com/products/elements/metabolomics/) can be used with a search set up against NIST (http://www.proteomesoftware.com/) or HMDB databases (http://www. hmdb.ca/), or LipidMaps (http://www.lipidmaps.org), although the lipid identifications are limited to molecule and spectral entries in the databases selected.
• Software for computational biology calculations and statistics is needed such as free online Metaboanalyst 3.0 software at http://www.MetaboAnalyst.ca that includes normalization, clustering tools, heat maps and pathway analysis.
• Additional software and customized informatics tools include R, a freeware biostatistical suite (http://www.rproject.org/), dChip visualization and expression software (https://sites.google.com/site/dchipsoft/), MetATT for two-factor and time-series data (http://metatt.metabolomics.ca/) and pathway analysis from KEGG IDs in TICL (http://mips.helmholtz-muenchen.de/proj/cmp/), a freeware online tool. Microsoft Excel can also be used to manually calculate fold changes, plot lipids, bar graphs, etc.
• The LipidMaps consortium (http://www.lipidmaps.org) contains a variety of databases and analysis for lipid researchers.
Procedure
Sample preparation: non-polar lipid extraction
Perform extraction from biological tissues, biological fluids or cultured cells by following the steps in Options A, B or C respectively.
Option A: extraction from biological tissues (tumors/ liver/brain/fat)
I. Snap freeze tissue and smash/grind it for 1-2 min in tube with small pestle/tissue grinder on dry ice II.
Note: Although crushing or grinding is sufficient in most cases, a bead beater or tissue lyser can be used to lyse the tissue. Add 200 µL of 1X PBS (RT) to fresh pulverized or ground frozen tissue piece(s) in a 12 mL glass vial III. Add 1.5 mL HPLC grade methanol and vortex for 1 min. Add 5 mL of MTBE and rock for 1 h at RT IV. Add 1.2 mL of water and vortex again for 1 min V.
Spin for 10 min at 1,000 g (microcentrifuge, RT) VI. Collect the upper MTBE liquid phase containing the non-polar lipids VII. Re-extract the lower liquid phase with 2 volume parts of MTBE/methanol/water (10/3/2.5, v/v/v) by repeating steps v-vi VIII. Dry the combined MTBE phases in a SpeedVac or under a nitrogen stream < PAUSE POINT > Dried lipid samples can be stored at −80 °C for several weeks.
Option B: extraction from biological fluids (serum/ urine/cerebrospinal fluid):
i. Centrifuge several hundred microliters at 14,000 g for 10 min at room temp to pellet solid particulates ii. Transfer 200 µL of the supernatant to 15 mL conical tube, if less fluid is available add 1X PBS to a total volume of 200 µL iii. Repeat steps iii-viii (Option A) Note: If a higher volume of biological fluids is desired for extraction, adjust the volumes of all steps from the ii-viii (Option A) that the ratios stay the same (sample/ methanol/MTBE/water: 1/7.5/25/6, v/v/v/v) <PAUSE POINT > Dried lipid samples can be stored at −80 °C for several weeks. The above parameters represent a DDA experiment in both positive and negative ion mode whereby one MS1 scan in positive ion mode is followed by 8 MS2 scans of the highest intensity ions followed an identical negative ion mode cycle. The 16 ions targeted for MS2 (8 in pos mode and 8 in neg mode) are then put on an exclusion list for 60 s to allow for the MS2 targeting of less intense ions in the following cycles. In the cycle of pos to neg DDA, only one polarity switch occurs in the cycle. This is similar to DDA experiments commonly used in proteomics and allows for deep lipidome coverage (Tate et al. 2013; Breitkopf et al. 2015; Schwudke et al. 2011; Min et al. 2011; Houjou et al. 2005) Page 7 of 21 30
The Agilent 1100 HPLC buffer and gradient parameters used for each LC-MS/MS run are listed below. The reversed phase column is a Cadenza 150 mm x 2 mm C 18 with 3 µm particle size (Imtakt USA). Set up the generic HPLC gradient as follows: Lipid sample preparation For each lipid of interest, prepare and run a standard compound to be sure of the proper chromatographic elution time on your particular system. It should be prepared in 50% IPA/50% MeOH at a concentration of ~1 µM or less. Before running a real biological sample, one should inject 2-3 methanol blanks to condition the column followed by a freshly prepared "standard" sample to be run as the first sample preceding a biological sample set to be sure that the LC-MS system is operating efficiently (sufficient lipid separation on the HPLC column, well-calibrated MS with proper sensitivity). We use a mixture of 5 different lipids or lipid class mixtures that elute at various times across the chromatogram. The standard lipids are as follows: Make up the following stock solutions from the vendor bottles. TG mix (25 mg/mL), SM (25 mg/mL), LPC (1 mg/ mL), SA (10 mg/mL), PI (10 mg/mL), Cholesterol (10 mg/ mL) Prepare the final lipid standard by mixing 1 µL of each stock and diluting to 200 µL in 50% IPA/50% MeOH and store in a glass 12 × 32 mm vial. Inject 5 µL of the standard mix onto LC-MS/MS. The final concentration of each standard is 125 µg/mL (125 ng/µL) for TG mix and SM, 5 µg/mL for LPC and 50 µg/mL for PI and cholesterol
The standard sample should produce a set of distinct peaks in the MS1 spectra from ~2 min to 28 min. Figures 1,  2 and 3 show examples of the peaks in the MS1 and MS2 ion chromatograms from both positive and negative ion modesCholesterol, 1 g (Avanti Polar Lipids, 700000P)
For lipid samples after extraction with MTBE or chloroform:methanol(2:1), add ~30 μL of 1:1 LC/MS grade isopropanol:acetonitrile methanol to resuspend each biological sample just prior to LC-MS/MS analysis Inject ~5-8 μL of sample onto the LC-MS/MS system using an autosampler. The aim is to load a sample amount just below the column and mass spectrometer saturation point in order to avoid carryover but sufficient to obtain the highest possible number of lipid ions. (Do not inject more than half of the sample in case of a system failure and inject no more than ~5 μL if technical triplicate runs are desired).
In order to prevent carryover due to column saturation one can add a methanol blank LC-MS/MS run between each sample. In addition, one can run the methanol blank through the lipid identification software (below) to assess the level of column carryover. For sample containing very high lipid levels, multiple blanks should be run between samples.
At the end of each sample set, add 2-3 methanol blanks to prevent carry over followed by another 1-2 "standard" samples to assure the platform is still performing efficiently.
Data analysis
Once the DDA data is acquired, MS1 peaks and MS2 fragment ion peaks must be integrated in order to generate both chromatographic peak areas used for alignment across the sample set and for identification of lipid molecules. Use a suitable software platform for identification and quantification such as LipidSearch version 4.1 or later from Thermo Fisher Scientific (Breitkopf et al. 2015; Peake et al. 2013) . LipidSearch software first identifies lipid based on an internal library of masses and fragment ions from fatty acid chains and head groups from more than 18 main lipid classes and 66 sub classes. Lastly, the software can perform alignment of samples from patient or sample cohorts in order to accurately quantify the MS1 peak profiles Page 9 of 21 30 Note: Ideally, standard compounds from lipids of interest should be tested on the platform to assure proper chromatographic elution times and fragmentation in the optimized polarity mode.
• Note: The m-Score is calculated based on the number of matches with product ion peaks in the spectrum. A higher m-Score means higher identification reliability compared to the c-Score which is calculated from the total of the degrees of coincidence between each neutral loss and precursor scan peak for peaks of a given lipid. The Multi-Search allows the identification of peaks obtained from MS, product ion scanning or neutral loss scanning of class-or fatty acid-specific fragments on triple quadrupole instruments. The ID quality filter A-B type identifies all features including head group, glycerol backbone and both fatty acid chains whereby C-D type identifies the lipid class based on head group and backbone but may have missing information in the MS2 spectra for one of the fatty acid chains or have merged fatty acid chain information. D type identifications base Lipid IDs simply by mass or features such as fragment ions (water losses, etc.)
Select a representative control sample and manually scroll through each lipid peak to be sure that the expected retention time, peak width and masses are accurate. If there is an error with peak selection, one can investigate whether the problem lies within the chromatography or the mass spectrometry component <CRITICAL STEP> It is important to run a standard compound to be sure of the proper chromatographic elution time on your particular system. This is essential when incorporating new standard compounds into your workflow. Previous knowledge of the compound of interest and the chromatography can also be used to identify the correct peak for identification and relative quantitation. Lipid spectra and information can be obtained from public mass spectral databases such as LipidMaps (http:// www.lipidmaps.org/) or the Human Metabolome Database (HMDB) (http://www.hmdb.ca/)
After completing the lipid identification step, peak alignment should be performed in order to group each sample cohort and to quantify individual lipids across your dataset. The parameters used for Alignment in LipidSearch software are the following: After alignment, the entire alignment file including individual lipid ion measurements for each of the samples can be exported into a .txt file and then opened by Excel. Charts of both lipid classes and fatty acid chains per lipid class can be viewed in the alignment profile of LipidSearch software. In some cases, a lipid ion will be identified in both positive and negative ion modes due to a different adduct for ion formation. When analyzing such data, be sure to quantify the lipid ion across samples using the same polarity mode as different polarity modes will yield different peak areas due to different ionization efficiencies Fig. 1 Lipidomics platform schematic. Overview of the untargeted LC-MS/MS experiment for lipid metabolite profiling via data dependent acquisition (DDA) using positive/negative switching from a single 28 min reversed phase column run while routinely identifying and quantifying more than 1000 compounds ◂ The ID score is the backbone scoring system within Elements and consists of a weighted average of the highest value for each of three match scores, calculated over the set of features that are associated with the given molecule. These match scores include a mass accuracy score, an MS2 fragmentation score and an isotopic distribution score. The ID Score is then adjusted according to the number of ion forms matched.
<Alternative Software> Identification and relative quantification using Elements
Troubleshooting
• The dried lipid pellet appears to be very large and fluffy. This may indicate contamination with large molecules (protein, DNA, etc.) . Be sure that only the upper non-polar lipid phase was extracted after sufficient MTBE phase separation (or the lower phase if using a chloroform:methanol extraction). Allow sufficient incubation time at RT with MTBE and be sure to spin the entire liquid-liquid extraction solution containing methanol and water at 1,000 g for a minimum of 10 min. One can spin for a longer time if the phases do not clearly separate after 10 min. The final pellet should be less than a 20 µL liquid equivalent in volume according to a 1.5 mL microcentrifuge tube • The mass spectrometer is not showing any peaks above baseline. This would indicate that not enough lipid content is on the HPLC column during the acquisition. Be sure that HPLC buffers are filled, that the nitrogen gas flow rate for collision and source is sufficient, and that the column or tubing is not leaking. How many cells or how much tissue was used? It is possible that more sample quantity is needed (equivalent of >1-2 million cells or >5-10 mg of tissue). In addition, the ion source area has a tendency to get dirty so routine source cleaning is necessary • The lipid peaks are either not being retained or eluting very late on the HPLC column. Are your HPLC buffer concentrations and pH correct? Are the HPLC A and B pumps properly purged to remove air in pumps? If so, this may indicate that either your pre-column filter is clogged or that you need to change or clean your HPLC column due to contamination. First, try changing the pre-column filter followed by an analytical column change • Some lipids are never detected no matter what I change or what concentrations I inject. It is possible that the lipid conditions are not optimal or that the collision energy selected is not ideal for the specific lipid compound of interest. Also, the particular lipid of interest may exist in very low concentrations in your biological matrix or degrades quickly. For example, PIP2 and PIP3 lipids involved in kinase signaling are present in very low levels and are sticky so they are more difficult to detect than other lipids. They may require direct infusion rather than column separation. Other possibilities are that MTBE or chloroform/methanol liquids are not ideal for the lipid extraction or the chromatography used is not suitable for the compound of interest. If you are using a database search method via Elements, it is Fig. 2 LipidSearch software workflow. a RAW data files from the high resolution QExactive Plus are loaded into the LipidSearch software which then integrates the MS1 peak areas, and then proceeds to interpret the MS2 fragment ions for lipid ion identification based on an internal database query. The lipid molecules are then scored to accept the top scoring lipid and rated using a quality assessment of A-D. During the peak alignment step, the lipid ion peak areas are compared across the sample set and relative quantification is performed. b Lipids are identified based on the major structural units of lipid molecules including the lipid backbone, head group, fatty acid chain composition and adduct ions within each polarity mode. For this to be successful, high mass accuracy is necessary possible that your lipid of interest is not present in the spectral library • Multiple instances of unique lipid species are showing up in the LipidSearch analysis In some cases, if the retention time window during the alignment step is not set wide enough to encompass the lipid ion's elution profile or if some lipid peaks are very wide, contain shoulders, tails, etc., the LipidSearch software may interpret identical lipid ions as multiple peaks and list them multiple times. In these cases, one can either eliminate the duplicate results showing lower peak area values since the main peak component shows a much higher peak area, or one can sum all instances of the same lipid ion. One can also attempt to re-align the dataset using a wider retention time window. Before attempting this, be sure that the ions are truly identical since they may be due to different charge states, polarity modes or different degrees of fatty acid chain saturation • The spray needle is prone to clog periodically. Lipid molecules can be sticky and the buffers contain some salt so if the spray needle is not flushed with clean solvent, it can clog and require replacement. To help avoid this, run a low flow (0.002 mL/min) of 1:1 methanol/ water when the instrument is not in use or between large datasets
Timing
• From tissue/cells/fluid harvest to sample injection metabolite extract takes ~4-6 h mainly depending upon the drying speed of the SpeedVac/lyophilizer • The total LC-MS/MS run time is 33 min (28 min MS acquisition) from inject to inject • Peak identification, alignment, quantification and verification of raw data takes ~1-3 h per dataset depending upon the number of samples Data analysis using various bioinformatics software tools can vary depending upon the degree of interpretation.
Anticipated results
The above parameters on most MTBE or CHCl3:MeOH lipid extractions from our 30 min LC-MS/MS QExactive Plus platform can produce a range of ~750-1750 unbiased lipid ion identifications per run, depending upon sample complexity and sample abundance. These identifications are split between both positive and negative modes, depending upon the lipid type. LipidSearch software can also align datasets and group different cohorts for relative quantification of lipids based on the user's customized needs for data analysis. Figure 1 shows the workflow for the lipidomics platform from lipids extracted from 2 to 3 million TSC2-/-MEF cells, 30 mg of mouse lung tissue or 150 µL of human blood plasma from a MTBE or chloroform:methanol extraction that was injected onto our Agilent 1100-Thermo QExactive Plus-Thermo LipidSearch lipidomics platform. Approximately 1/6 of the total lipid extraction was injected onto the LC-MS/MS system (5 of 30 µL) after a drydown of the extraction and solubilization in 50% IPA/50% MeOH. The platform is capable of successfully profiling far lower sample amounts at the expense of less lipid identifications. For example, a 10 mg extraction of mouse breast tumor with a 1/6 injection volume yields approximately 750 lipid identifications and a 25 µL serum extraction at 1/6 injected amount yields approximately 400 lipid identifications. The MS1 ion chromatogram from both the positive and negative ion modes are shown in addition to a scatterplot (Log2 Ratio vs. Log2 Intensity) and heat map of the quantitative results. The spectrum is also annotated to show the regions that are typically enriched for certain lipid classes in the C 18 chromatogram. This workflow represents a typical untargeted high resolution LC-MS/MS experiment that is subjected to LipidSearch software and downstream data analysis. To control for proper identification and relative quantification, a set of known lipid standards at different concentrations can be injected on the platform. Figure 2a shows the LC-MS/MS ion chromatogram, MS/ MS spectrum and scoring charts for the phosphatidylinositol lipid PI (17:0/18:2) in negative ion mode. The figure also shows a list of top scoring lipid ions identified from the precursor mass and fragment ions using LipidSearch software as well as the fragment ion match details for MS2 ions in the HCD spectrum. One can also observe that the PI lipid is present in different quantitative levels across four different sample conditions and elutes in a similar chromatographic region of the LC-MS chromatogram, as expected. Figure 2b shows how a lipid molecule can be assembled with the different fragments that LipidSearch uses in its library for identification. In our buffer/column system, the most common ion adducts for positive mode are +H +, +HCOO + and +NH 4 + and for negative mode it is deprotonation, -H − . Figure S1A shows the FT-MS spectra and FT-HCD fragmentation spectra from 1552 unique lipid ions extracted from human blood plasma (Supporting Dataset 5). The data shows that acquiring lipid data in both positive ion and negative ions modes is necessary since different lipids are prone to produce ions in either mode. The data in Figure S2B shows the MS1 base peak trace from a mixture of six lipid standards that included a triglyceride mix (C2-C10) (TG), sphingomyelin (SM), lysophosphatidylcholine (LPC), stearate (C18:0), L-a-phosphatidylinositol (PI) and cholesterol in both positive and negative ion mode with each peak or set of peaks labeled. Notice that the chromatographic elution times for some different lipid compounds 30 Page 14 of 21 vary within the same lipid class. This data shows that the fatty acid composition in addition to the head group is an important factor in lipid chromatography. Figure 3 shows the reproducibility of our platform from three lipids (LPC, SM and one TG) within our standard sample mixture. The lipid standards were injected in technical triplicate at four different concentrations (1:1 (125 µg/mL), 1:2 (62.5 µg/ mL), 1:4 (31.25 µg/mL), 1:8 (15.63 µg/mL)) and the average peak areas of the three lipid classes LPC, SM and TG were plotted (Fig. 3a) . The data shows the accurate correlation between the measured intensity of the lipid class according to the injected concentration. Figure 3b provides the SM lipid fatty acid profile and clearly shows that the relative peak area correlates with the injected sample concentration. This is true for the individual lipid ions such as SM (16:0/24:1) (Fig. 3c) and PI (18:0/20:4) (Fig. 3d) . CV values were also calculated for each concentration of the SM and PI lipids and combined with the error bars, show the relative quantitative accuracy and reproducibility of the platform (Fig. 3c, d ). The LipidSearch output for the standard mix dataset can be found in Supporting Dataset 1 and includes all identified lipid ions as well as their composition, mass, retention time and peak area, etc.
To test the platform from cells with a genetic background known to influence lipid metabolism, we performed an experiment to study the lipid profiles of paired mouse embryonic fibroblasts (MEF) with wild type or knockout of the tumor suppressor tuberous sclerosis complex 2 (Tsc2) using three biological replicates per sample condition. TSC2 is a component of the TSC complex, which is a negative regulator of mTORC1 (Kwiatkowski and Manning, 2014) . As a major regulator of cell growth and proliferation, mTORC1 has been found to alter lipid metabolism in many settings (Ricoult and Manning 2013) . Members of the sterol regulatory element binding protein (SREBP) family of transcription factors, which activate the transcription of many genes required for de novo fatty acid and sterol synthesis (Horton et al. 2002) , are downstream transcriptional effectors of mTORC1 under both physiological and pathological setting (Duvel et al. 2010; Porstmann et al. 2008; Yecies et al. 2011; Ricoult et al. 2015) . Wildtype MEFs were compared to littermate-derived Tsc2-null MEFs, which have growth factor-independent activation of mTORC1 signaling, and the role of mTORC1 and SREBP were assessed through use of the mTORC1 inhibitor rapamycin (20nM, 16 h) and siRNA-mediated knockdown SREBP (72 h), respectively. Lipids from cells grown in the absence of exogenous growth factors were analyzed from triplicate extractions from four different biological conditions (12 total samples). Each sample yielded between 1150 and 1312 lipid ion identifications and, after alignment, a total of 2,493 unique lipid ion identifications across 12 total samples. 1,756 were identified in positive ion mode and 737 from negative ion mode. "D" quality identifications were omitted from the LipidSearch alignment with A, B and C graded lipid identifications accepted for further analyses.
Analysis of the data showed that the most abundant lipid classes identified from MEFs were phospholipids. Phospholipids are a major component of membranes, which explains their abundance. The lipid class profile generated from LipidSearch software (Fig. 4a) shows that phosphatidylcholine (PC) is four times more abundant than the next lipid class for all conditions tested. Abundant lipid classes from MEFs also include phosphatidylethanolamine (PE), sphingomyelin (SM), and triglyceride (TG). The comparative results show that the TG class displays significant up-regulation in Tsc2 −/− cells treated with rapamycin for 16 h. While this lipidomics platform can detect differences among lipid classes across different biological conditions, the real power in using an unbiased approach with LipidSearch software is the ability to detect individual intact lipid molecules that are regulated. In order to further investigate the TG lipids, each lipid species within this class was plotted. Figure 4b shows the fatty acid profile that was detected for the triglyceride lipid class from Tsc2 −/− MEFs. Of the more than 200 TGs, many contain the basic fatty acid building blocks of palmitate (C16:0), palmitoleate (C16:1), stearate (C18:0) and oleate (C18:1). The fatty acid profile for the most abundant diacylglycerides (DG) also shows the basic building blocks (C16:0, C18:1, C18:0, C16:1), although they also show longer fatty acid chain lengths. Interestingly, rapamycin-treatment increased nearly all species of TGs, relative to vehicletreated Tsc2 −/− cells. Unlike TGs, other lipid classes show little class-wide regulation between vehicle and rapamycintreated Tsc2 −/− cells (Fig. 4a) . The LipidSearch output for the Tsc2 MEFs dataset can be found in Supporting Dataset 2 and includes all identified lipid ions as well as their composition, mass, retention time and peak area, etc.
In addition to LipidSearch software, free online MetaboAnalyst 3.0 software was used for quality control of the lipidomics data, to generate heat maps, PCA clustergrams, K-means clustering, and to normalize the data. The LipidSearch alignment data was exported to .xls format and the peak area data were used to create the .csv input for MetaboAnalyst. Figure 5a shows the PCA clustering plot (PC1 vs. PC2) for the four MEF conditions described in Fig. 4 . The biological triplicates for each cellular condition cluster separately, although the SREBP-knockdown cells show the most variance, perhaps due to varying efficiency of knockdown or cellular stress caused by loss of SREBP. Figure 5b shows a Ward clustergram, and consistent with reproducibility within each condition, the biological triplicates clusters separately. Compared to the vehicle-treated Tsc2-null MEFs with constitutive mTORC1 activation, the rapamycin-treated Tsc2-null cells cluster more closely with the Tsc2-WT MEFs, with inactive mTORC1. Figure 5c shows the basic biological pathway from mTOR signaling to lipid biosynthesis via SREBP, ACC, FAS, etc. A heat map of the most regulated 150 lipid species from this analysis shows those lipids most significantly increased or (Fig. 5d) . One can observe that most triglyceride (TG) lipid ions are significantly up-regulated in rapamycin-treated Tsc2 −/− cells. Interestingly, these results mirror, at the cellular level, the observation that human patients on rapamycin frequently develop hypertriglyceridemia (Morrisett et al. 2002; Kasiske et al. 2008) . Consistent with the dependence of Tsc2 −/− cells on SREBP for lipid synthesis (Duvel et al. 2010) , most lipid species are reduced in these cells with siRNA-mediated knockdown of SREBP.
In addition to cultured cells, we also extracted lipids from solid tissue of normal mouse lung and mouse lung tumor. The mice were c57 black mice (Jackson Laboratory) and the tumors contained the T790M epidermal growth factor receptor (EGFR) mutation. Figure 6 shows lipidomics profiling data from 30 mg of lung tumor vs. normal lung tissue. A scatterplot of Log2 ratio (Tumor/Normal) vs. Log10 (Peak Area intensity) was generated (Fig. 6a) as well as a bar plot showing the most highly regulated lipid ions in the lung tumor tissue vs. normal lung (Fig. 6b) . More than 2000 total unique lipid ions were identified in the analysis of both the tumor and normal tissue. Interestingly, up-regulated lipids in the EGFR lung tumor harbor TGs and phosphatidylmethanol (PMe) lipid ions while the down-regulated lipids contain a variety of phospholipids such as PS, PE, PI, and PG as well as some cardiolipins and cholesterol esters. The LipidSearch output for the lung tumor dataset can be found in Supporting Dataset 3.
In addition to LipidSearch, Elements software from ProteomeSoftware, originally developed for metabolomics can be used to identify lipid ions provided that lipids exist in spectral databases from NIST, HMDB, LipidMaps, etc. Figure S2A shows an example of the Elements output for a profiling experiment of biological triplicates of mouse lung tumor vs. normal lung tissue. Several scores are shown including an identification score, mass accuracy score, isotopic distribution score and a MS2 score. The quantitative values are shown as Log2 Intensity and one can choose whether normalization is utilized before exporting the data in Excel format as an array of lipid ions, scores and MS1 intensity values. Figure S2B shows an example of the identified lipid molecule LysoPE(16:0) as the MS/MS spectrum and molecular structure from the NIST database. Figure S3 shows lipidomics profiling data from 30 mg of a T790M lung tumor vs. normal lung tissue generated with Elements. Figure S3A displays a bar plot showing the most highly regulated lipid ions identified from a lung tumor tissue and normal lung lipidomics experiment using Elements software as well as a Log2 ratio (Tumor/Normal) vs. Log10 (Peak Area intensity) scatterplot from 762 identified unique lipid ions. Data were derived from Supporting Dataset 4. Figure S3B shows the workflow of the Elements software from the point of .RAW data collection to the final results file output as displayed in Figure S2A . It is important to note that Elements software is completely dependent upon the population of the small molecule fragmentation spectral libraries which are generally underpopulated to date so the results do not overlap to a great extent with LipidSearch, which is a database assisted de novo identification strategy.
Discussion
The LC-MS/MS based lipidomics platform based on QExactive Orbitrap technology and LipidSearch software can be used to identify and quantify lipid molecules in a nontargeted manner with high resolution mass spectrometry. The platform requires no chemical modifications of the lipid molecules and can be extracted from any biological source. The platform does not rely on an existing spectral database for lipid ion identification but an internal database of known spectral patterns for each lipid class. Keep in mind that structural isomers of identical mass with similar fragmentation patterns may not be discerned using this approach unless they can be chromatographically separated. We outline the parameters for sample preparation, instrumental analysis and data analysis. The combination of high resolution MS and LipidSearch software provides a powerful platform for high-throughput lipidomics profiling for biomarker discovery, relative quantification of lipid class, fatty acids, etc. In addition, the use of Elements software based on a fragmentation spectral library search can be used to identify lipids that are not covered by the main LipidSearch classes but Elements can also be limited by both the number of library entries and the quality of the fragmentation spectra. While LipidSearch can currently only be used with .RAW files from Thermo style high resolution mass spectrometers, Elements can be used by a wide variety of vendors since it uses freeware ProteoWizard's MSConvert tool to generate spectral peak lists from the raw datafiles. The techniques presented require minimal sample handling and the instrument and software is automated after parameter setup. Both LipidSearch and Elements can be used in a complimaentarty fashion to both identify novel lipid ions and to match known lipid ions from spectral showing the distribution of 2,062 identified lipid ions via LipidSearch from lipids extracted from three biological replicates of both T790M EGFR driven mouse lung tumor and normal mouse lung tissue extracts (~5 mg injected). b A bar plot of the most regulated lipid ions from the lung tumor and normal lung tissue experiment. The most regulated lipids suggest that a higher concentration of TG lipids is up-regulated while more phospholipids are down-regulated databases. We showed that biological differences between various different cell types and genetic background can be profiled and quantified using the untargeted LC-MS/MS platform.
